Polyhydroxyalkanoate (PHA) synthase genes (phaC) were cloned from two Aeromonas hydrophila strains named WQ and 4AK5, respectively. Both strains are able to produce PHBHHx copolyesters consisting of 3-hydroxybutyrate (3HB) and 3-hydroxyhexanoate (3HHx). Sequence analysis showed that there was only 2 bp difference between these two PHA synthase genes, corresponding to two-amino acid difference at positions of 437 and 458 of the two synthases. PHA productivity and its monomer content produced by A. hydrophila WQ and A. hydrophila 4AK5 were quite different. A. hydrophila WQ accumulated 33% PHBHHx of its cell dry weight (CDW) with 5 mol% 3HHx in the copolyester when cultured in lauric acid for 48 h. Yet A. hydrophila 4AK5 was able to produce 43% PHBHHx of the CDW with 14 mol% 3HHx under the same condition. Hetero-expression of PHA synthase genes of A. hydrophila WQ and A. hydrophila 4AK5, respectively, in Escherichia coli XL1-Blue led to PHBHHx accumulation of 24% and 39% of the CDW and the 3HHx content in PHBHHx were 6 and 15 mol%, respectively. This indicated that the function of these two PHA synthases were different due to these two different residues at positions of 437 and 458. Site specific mutation was carried out to change these two amino acid residues. Results showed that the changes on either of the two amino acids negatively affected the PHA productivity.
Introduction
Polyhydroxyalkanoates (PHAs) are linear polyesters composed of 3-hydroxy fatty acid monomers [1] . PHAs are accumulated in many Gram-positive and Gramnegative bacterial cells as discrete granules which can be stored at very high concentrations as the storage of lipid [2] . Different PHAs vary at the structures of the pendant groups in C-3 or b-position. The most common PHA, and probably the most abundant of this general class of optically active microbial polyesters, is polyhydroxybutyrate (PHB), in which the alkyl group is a methyl group. The random copolymer poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx) composed of both short-chain-length monomer 3-hydroxybutyrate (3HB) and medium-chain-length monomer 3-hydroxyhexanoate (3HHx) was recently produced [12] . PHBHHx was reported to possess similar mechanical properties to low density polyethylene and the copolymer films show a high degree of elongation to break, which had improved mechanical properties over PHB and could be a suitable replacement for petrochemically-based plastics [3] . These water-insoluble PHAs exhibit biodegradability, thermoplastic and/or elastomeric features and some other interesting physical and material properties [4, 5] . Therefore, they are considered for several applications in the packaging, pharmaceutical, agriculture and food industry [1, 5] , or even as bio-implant material for tissue engineering [6] .
PHA synthases are the key enzymes of PHA synthesis. Since the cloning of the PHA synthase operon of Wautersia eutropha (Formally known as Ralstonia eutropha) [7] , as many as 54 different PHA synthases from total 44 microorganisms were cloned and the primary structures of these PHA synthases are available [8, 9] . PHBHHx was mainly synthesized by Aeromonas. The first PHA synthesis operon of Aeromonas was cloned from Aeromonas caviae, the gene cluster comprised of PHA synthase gene (phaC), enoyl-CoA hydratase gene (phaJ) and a granule-associated protein gene (phaP) [10, 11] . Some strains of Aeromonas hydrophila were also found to be able to produce PHBHHx [13] . The precursors for PHA production were mostly provided through fatty acid b-oxidation pathway in these strains [12, 13] . In this study, two A. hydrophila strains were found to be able to produce PHA with different polymer and monomer contents. The PHA synthase genes of these strains were cloned and the difference between these two synthases was studied.
Materials and methods

Bacterial strains, plasmids and growth conditions
All bacterial strains and plasmids used in this study are listed in Table 1 for 1 min, annealing at 61°C for 1 min and elongation at 72°C for 2 min. The PCR products of phaPC J fragment from A. hydrophila WQ and A. hydrophila 4AK5 were ligated into the cloning vector pGEM-T Easy (Promega, USA), respectively, and then sequenced by BioAsia Company (Shanghai, PR China).
DNA manipulation and plasmid construction
Extraction of bacterial genomic DNA, isolation of plasmids, digestion with restriction endonucleases, agarose gel electrophoresis and DNA ligation were carried out by standard procedures [14] or as recommended by manufacturers. Transformation of E. coli was performed as described [15] . The plasmids used were listed in Table 1 . Primer 1 (5 0 -TTTGGTACCTGGAGAC CGATGATGAATAT-GG) and primer 2 (5 0 -TCGAATTCTCATGCGGC-GTCCTCCT CT) (underlined sequences were the KpnI and EcoRI sites, respectively) were used to amplify phaP and phaC genes from A. hydrophila WQ and A. hydrophila 4AK5 genomic DNA. PCR was performed under 30 cycles of denaturation at 94°C for 1 min, annealing at 62°C for 1 min and elongation at 72°C for 2.5 min. The resulting PCR products harboring phaP and phaC genes from A. hydrophila WQ and A. hydrophila 4AK5 were inserted into plasmid pBBR1MCS-2 and the final plasmids were named as pJJ021 and pZWJ421, respectively. Primer 3 (5 0 -AGAGGATCCATG AGCG-CACAACCCCTTG) and primer 4 (5 0 -ACGAAGCTT-TTAAGGCAGCTTGA CCACGG) (underlined sequences were the BamHI and HindIII sites, respectively) were used to amplify phaJ gene from A. hydrophila 4AK5. PCR was performed under 30 cycles of denaturation at 94°C for 1 min, annealing at 57.3°C for 1 min and elongation at 72°C for 1 min. The BamHI-HindIII digested fragment of the PCR product was inserted into the same sites of pKKH and the resulting plasmid was named as pKJ4.
Site-specific mutagenesis
Site-specific mutagenesis of amino acid residues of the A. hydrophila WQ PHA synthase were conducted employing the Easy Site-Directed Mutagenesis Kit (Shenergy Biocolor Life Science Company, Shanghai, China) and pJJ021 containing the PHA synthase gene from A. hydrophila WQ was served as the template. Three groups of site-specific mutagenesis were carried out (L437V, L437A and T458I). The primers used for mutagenesis were:
PCR was performed under 16 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 1 min and elongation at 68°C for 15 min. The PCR products were digested by DpnI at 37°C for 1 h to remove the template plasmid and then be transformed into E. coli XL1-Blue. The mutant were identified by DNA sequencing and then co-transferred with pKJ4 into E. coli XL1-Blue.
Analysis of PHA polyesters
The isolation, determination of cell dry weight (CDW) and gas chromatography analysis of intracellular PHA content and PHA composition were performed as described previously (Hewlett-Packard model 6890, HP, USA) [16, 17] . PHA accumulation and 3HHx content presented in the tables were the average of three parallel samples.
Results
Growth and PHBHHx accumulation of
A. hydrophila WQ and A. hydrophila 4AK5 Aeromonas hydrophila WQ and A. hydrophila 4AK5 were cultured in lauric acid (10 g L À1 ) at 30°C for 48 h. A. hydrophila WQ could accumulate 33.1% PHBHHx of the CDW and the 3HHx content was about 4.8 mol%. A. hydrophila 4AK5 was able to produce 43.4% PHBHHx of the CDW with 14.3 mol% 3HHx content (Table 2 ). This result showed that PHA productivity For A. hydrophila WQ and 4AK5, strains were grown on mineral medium supplemented with lauric acid (10 g L À1 ) at 30°C for 48 h. E. coli strains were grown on mineral medium supplemented with lauric acid (3 g L À1 ) and ampicillin (100 mg L
À1
) and kanamycin 50 mg L
) added to the medium at the beginning at 37°C for 48 h. All the data presented in the tables were the average of three parallel samples. and 3HHx content of A. hydrophila 4AK5 were both higher than that of A. hydrophila WQ.
PCR cloning of the pha locus of A. hydrophila WQ and A. hydrophila 4AK5
PHA biosynthesis operon of A. hydrophila WQ and A. hydrophila 4AK5 were amplified using PCR and three genes, PHA granule-associated protein gene (phaP), PHA synthase gene (phaC) and enoyl-CoA hydratase gene (phaJ) were identified in each of the cloned DNA fragments. The GenBank Accession No. of PHA synthesis operon of A. hydrophila WQ and A. hydrophila 4AK5 were assigned as AY665302 and AY665301, respectively. DNA sequence analysis showed that A. hydrophila WQ and A. hydrophila 4AK5 shared very high identities in the PHA synthesis loci. The sequences of phaP and phaJ genes were exactly the same and the difference between phaC genes was only 2 bp, corresponding to two amino-acid differences in PHA synthases of these two strains (Fig. 1) . The identities of phaP, phaC and phaJ genes between A. caviae and A. hydrophila WQ or A. hydrophila 4AK5 were also very high, which were 96.6%, 97.1% and 94.3%, respectively. Fig. 1 showed the comparison of PHA synthase primary sequence between A. caviae, A. hydrophila WQ and A. hydrophila 4AK5.
3.3. Heterologous expression of PHA synthesis genes of A. hydrophila WQ and A. hydrophila 4AK5 in recombinant E. coli
The PHA synthesis genes of A. hydrophila WQ and A. hydrophila 4AK5 were expressed in E. coli XL1-Blue, respectively. The E. coli XL1-Blue system provided an identical physiological and genetic background for comparing the difference between expression of phaC WQ and of phaC 4AK5 . Plasmid pJJ021 and pZWJ421 harboring phaP and phaC genes from A. hydrophila WQ and A. hydrophila 4AK5, respectively, were derived from a low-copy-number plasmid pBBR1MCS-2. Plasmid pKJ4 harboring phaJ gene from A. hydrophila 4AK5 was derived from a high-copy-number plasmid pKKH. The recombinant E. coli XL1-Blue harboring pJJ021 and pKJ4 could synthesize copolymer of 3HB and 3HHx containing 6.28 mol% 3HHx from lauric acid. PHBHHx was accumulated up to 23.78 wt% of the CDW ( Table 2 ). The recombinant E. coli XL1-Blue harboring pZWJ421 and pKJ4 could synthesize PHBHHx up to 38.91 wt% of the CDW, its 3HHx content was 15.01 mol% of PHBHHx. The PHBHHx content and the monomers composition of these two recombinant strains were quite different, which indicated that the PHA synthesis ability and the substrate specificity of the PHA synthase from A. hydrophila WQ and A. hydrophila 4AK5 were different under the same condition although there was only slight difference in its corresponding genes.
3.4. Site-specific mutagenesis of PHA synthase of A. hydrophila WQ DNA sequence analysis result showed that there were only 2 bp differences between the PHA synthase genes of A. hydrophila WQ and A. hydrophila 4AK5, corresponding to two amino-acid differences which were L437 and T458 for A. hydrophila WQ and V437 and I458 for A. hydrophila 4AK5. The PHA synthesis ability of these two synthase was quite different although there was only slight difference in their DNA sequences. Three groups of site-specific mutagenesis of A. hydrophila WQ PHA synthase were carry out to find out the effect of these two amino acid residues on PHBHHx synthesis. The three groups were A: L437V, B: L437A and C: T458I. The plasmids harboring the corresponding mutant PHA synthase genes were named as pJJ02A, pJJ02B and pJJ02C. The result showed that both PHBHHx and 3HHx contents were decreased when the 437 residue was mutated. Especially when the 437 leucine residue was replaced by alanine residue, the PHBHHx production was reduced to almost undetetable in recombinant E. coli strain ( Table 2) . The mutagenesis at position of 458 from threonine residue to isoleucine residue seemed to be able to increase the PHBHHx and 3HHx content slightly. The highest PHBHHx and its 3HHx contents were obtained by wild-type PhaC of A. hydrophila 4AK5 (Table 2 ).
Discussion
PHBHHx was discovered to be mainly synthesized by Aeromonas strains such as A. caviae and A. hydrophila. The PHA synthesis loci cloned from Aeromonas strains shared very high identities. The identity of PHA synthase gene (phaC) between A. caviae FA440 and A. hydrophila WQ or A. hydrophila 4AK5 was as high as 97.1%. As for the two A. hydrophila strains, the phaC gene was much more similar with only two amino-acid differences. While the PHA synthesis ability of A. hydrophila WQ and A. hydrophila 4AK5 were quite different. The PHA and 3HHx content in A. hydrophila 4AK5 were higher than that in A. hydrophila WQ. Heteroexpression of phaC of A. hydrophila WQ and A. hydrophila 4AK5 in E. coli under the same condition also resulted in different PHA accumulation level. When the whole PHA synthesis operon from A. hydrophila WQ or A. hydrophila 4AK5 was inserted into one plasmid pBBR1MCS-2 and was expressed, cells grew poorly, only a small amount of PHBHHx was accumulated when cultured in lauric acid, no difference could be observed between the recombinant strains harboring PHA synthesis operon from A. hydrophila WQ or A. hydrophila 4AK5 (data not shown). The reason could be attributed to the low copy-number plasmid pBBR1MCS-2 which expressed low activity of the precursor-supply enzyme gene phaJ, resulting in not sufficient precursor supply for PHA accumulation. The previous studies revealed that different ability for precursor supply might result in different PHA accumulation level, both PHA production and monomer content could be altered by adjusting the precursor metabolic pathway [13, 18] . When phaJ gene was expressed in a high copy-number plasmid pKKH, the PHA production was significantly increased from trace amount to more than 20% of CDW. For a specific strain, the PHA accumulation and the monomer fraction of the copolymer were mainly depended on the activity and the substrate specificity of PHA synthase. In this study, the PHBHHx and its 3HHx content produced by recombinant E. coli harboring phaC 4AK5 were 1.64 times and 2.39 times of that of the recombinant strain harboring phaC WQ when grown at the same physiological and genetic conditions. It was obvious that the difference of the PHA synthases played an important role in determining the PHA accumulation level and its monomer content ( Table 2 , Fig. 1 ).
It was reported by Doi and co-workers [19] that one or two nucleotides mutation by in vitro evolution of A. caviae PHA synthase, targeting at the N-terminal half of PhaC Ac , could achieve higher PHA accumulation level and its 3HHx content in the mutant. The variant amino acid residues in our study were located in the C-terminal half. It was reasonable to believe that there were also some sites that could also increase the enzyme activity in the C-terminal half of PHA synthase. Site-specific mutagenesis result revealed that amino acid residues at the positions of 437 and 458 both affected the enzyme function. When the hydrophobic residue leucine at position 437 was mutated to valine residue which was also a hydrophobic residue, the PHA content decreased to about half of the wild-type level and its 3HHx content was reduced only slightly. When the leucine residue was replaced by alanine, which has two methyl groups shorter than leucine, PHA content was decreased significantly. This suggested that a hydrophobic residue at position 437 might be important for proper structure formation. As for the residue at position 458, both A. caviae and A. hydrophila 4AK5 which could produce PHBHHx with more than 10 mol% 3HHx proportion shared the isoleucine residue. Change on the residue of A. hydrophila WQ PHA synthase at position 458 from threonine residue to isoleucine residue could also increase the PHBHHx and 3HHx content. It seemed that the hydrophobic residue isoleucine is better than the nucleophilic residue threonine for higher 3HHx content. Obviously the highest PHA content and 3HHx proportion were obtained by the wild-type PhaC 4AK5 , indicating that the wild-type PhaC 4AK5 was well optimized enzyme for PHBHHx synthesis.
In this study we cloned the PHA synthesis loci from two A. hydrophila strains and compared the function of these two PHA synthases. The result showed that the PHA synthesis ability and the substrate specificity of PHA synthases from A. hydrophila WQ and A. hydrophila 4AK5 was quite different due to the only two different amino acid residues. Because there was little tertiary structure information about PHA synthase and little knowledge about its catalytic mechanism, the sequence and functional comparison offered us some useful information to determining the function of some special amino acid residues of PHA synthases from Aeromonas strains.
